Prenatal exposure to inflammation produces offspring that are hypertensive in adulthood. This study explored alterations of the renin-angiotensin system (RAS) during the development of hypertension induced by prenatal exposure to lipopolysaccharide (LPS). In addition, the effects of an inhibitor of the nuclear transcription factor (NF)-jB (pyrrolidine dithiocarbamate, PDTC) on this process were assessed. Pregnant rats were randomly divided into four groups (n¼8): a control group, an LPS group, a PDTC group and an LPS+PDTC group. The rats in these groups were intraperitoneally administered vehicle, 0.79 mg kg À1 LPS, 100 mg kg À1 PDTC or LPS plus PDTC, respectively. LPS was given on the 8th, 10th and 12th days, whereas PDTC was given from the 8th to the 14th day during gestation. At various ages from day 1 to 25 weeks, plasma renin activity, plasma angiotensin II (Ang II) levels, renal function, glomerular number, mRNA expression levels of renal cortex renin and angiotensin-converting enzyme (ACE), the number of Ang II-positive cells and NF-jB activation were determined. The results showed that prenatal exposure to LPS resulted in significantly lower glomerular numbers and creatinine clearance rates and higher urinary protein and renal cortex ACE mRNA expression in adult offspring. Prenatal LPS also decreased the renal cortex renin mRNA expression and the number of Ang II-positive cells in offspring at 1 day of age, but these increased at 7, 16 and 25 weeks, whereas the plasma renin activity and Ang II concentration remained unchanged. Simultaneously, PDTC treatment markedly reversed the action of LPS. In conclusion, prenatal exposure to LPS resulted in alteration of the intrarenal RAS and renal damage in adult offspring rats. 
INTRODUCTION
The effects of hypertension on the cardiovascular and renal systems are of major concern due to its morbidity and mortality. Though many efforts have been made to understand the pathophysiology of hypertension, it is still unclear because of its complexity. 1 A growing body of evidence indicates that hypertension is an inflammatory state wherein proinflammatory cytokines, such as tumor necrosis factor-a and interleukin-6, contribute to the hypertensive effect. [2] [3] [4] [5] Angiotensin II (Ang II), the major biologically active component of the reninangiotensin system (RAS), not only induces vasoconstriction, aldosterone release and sodium reabsorption by the nephron, but is also intricately interrelated with inflammation. Furthermore, the association of Ang II and inflammation induces an amplification process that involves oxidative stress and proinflammatory transcription factors, leading to progressive vascular injury 6 and having an important role in the development of hypertension and target organ damage. 2 It has been shown in our laboratory that maternal exposure to lipopolysaccharide (LPS) results in hypertension in offspring rats. 7 However, the mechanisms are not well understood. Does RAS have a role in the development of hypertension programmed by prenatal exposure to LPS? This study was designed to test this hypothesis.
Lipopolysaccharide is a component of the cell wall of Gramnegative bacteria, and it acts as a nonspecific immunostimulant to mimic the bacterial inflammatory response. 8 LPS initiates a series of phosphorylation events by binding to Toll-like receptor 4 and promoting the translocation of nuclear transcription factor (NF)-kB into the nucleus. NF-kB is a central regulator in immunological and inflammatory processes. 9 NF-kB family proteins exist in the cytoplasm of mammalian cells in an inactive state as heterotrimers, generally consisting of an inhibitory subunit, IkB, and other proteins, including p50, p65 (Rel A), Rel B and c-Rel. When the cell is activated by diverse proinflammatory stimuli, the upstream I-kappa kinase (IkK) is activated. IkK in turn phosphorylates IkB and targets it for proteosomal degradation. The released dimer, most commonly the p50/p65 heterodimer, then translocates to the nucleus, where NF-kB promotes transcription of tumor necrosis factor-a, interleukin-1b and interleukin-6 and ultimately induces the inflammatory response. 10, 11 Pyrrolidine dithiocarbamate (PDTC), a synthetic antioxidant, inhibits NF-kB by preventing IkB degradation and the translocation of the active form to the nucleus. 12 Various studies have shown that PDTC can prevent hypertension in spontaneous hypertensive rats and ameliorate Ang II-induced inflammation damage in rats. 13, 14 In this study, we duplicated the hypertensive rat model induced by prenatal exposure to LPS to explore the role of RAS and NF-kB in the development of hypertension.
METHODS Animals
Nulliparous pregnant time-mated Sprague-Dawley rats were purchased from the Animal Centre of the Third Military Medical University (Chongqing, China). All animals had free access to standard laboratory rat chow and tap water. Until parturition, rats were housed individually in a room at constant temperature (24 1C) and under a 12-h light-dark cycle. Pups were raised with a lactating mother until 4 weeks of age, at which time they were removed to cages containing four rat pups. 7 This study was conducted in accordance with the principles outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals (http://grants1.nih.gov/grants/olaw/) and was approved by the local animal ethics committee at the Third Military Medical University.
Dams and litters
Timed pregnant rats arrived at our institution at least 2 days before the initiation of the study. After 2 days of acclimation, the pregnant rats were randomly divided into four groups (n¼8 in each): a control group, an LPS group, a PDTC group and an LPS+PDTC group. The rats in these groups were intraperitoneally administered vehicle, 0.79 mg kg À1 LPS (Sigma Chemical, St Louis, MO, USA), 100 mg kg À1 PDTC (Sigma Chemical) or LPS plus PDTC, respectively. LPS was given on the 8th, 10th and 12th days, whereas PDTC was given from the 8th to the 14th day during gestation. The rats in the LPS group were given a vehicle injection on days 9, 11, 13 and 14, and rats in the control group were given one every day during days 8-14. After delivery, the litter size was reduced to eight for each lactating mother. Neonatal rats were cared for by their mothers until they were weaned, after which they were then placed on standard rat chow. 15 As it has been found that all offspring with prenatal exposure to LPS had elevated systolic blood pressure (SBP) from the age of 6 to 24 weeks, 7 both male and female offspring rats were studied. Four males and four females from each group were randomly selected for future use in this study. The pregnant rats were used only once.
Blood pressure measurement
Systolic blood pressure was measured in eight conscious offspring rats in each group at 7, 10, 13, 16, 19, 22 and 25 weeks of age using the standard tail-cuff method 7 (ML125; Powerlab, ADInstruments, Castle Hill, NSW, Australia). Before measurement of SBP, rats were placed inside a warming chamber (B34 1C) for 15 min and were then placed in plastic restraints. A cuff with a pneumatic pulse sensor was attached to the tail. In each rat, mean SBP was calculated from three consecutive SBP recordings. The rats had been trained at least three times before formal measurement.
Urine, blood and kidney sample collection Offspring rats at 7, 16 and 25 weeks of age were kept in metabolic cages for 24-h urine collection when the rats were still fed standard rat chow. Then animals were anesthetized with sodium phenobarbital (40 mg kg À1 ), and blood was collected from the abdominal aorta. Then animals were killed, and the kidneys were abscised.
Renal function analysis
Plasma and urinary creatinine concentration were measured by multichannel kinetic spectrophotometry. 16 Urinary protein level was determined using a spectrophotometric sequential injection method. 17 Creatinine clearance rate was calculated using the following formula:
Creatinine clearance rate ðml min À1 Þ ¼ urinary creatinine Â 24-h urinary volume plasma creatinineÂ1:44
Glomerular number determination
Glomerular number was determined using a technique previously described. 15 Rats (7-week-old) were infused with 2 ml kg À1 alcian blue (5%, w/v, Shanghai Sangon company, Shanghai, China) within 1 min through an abdominal aorta catheter placed above the renal arteries. A second 2 ml kg À1 bolus of alcian blue was then administered within 5-7 min after the first infusion. After 5 min, the kidneys were removed, sliced in half and incubated in 5 ml of 27% ammonia for 2 h at room temperature. Kidney samples were then incubated in 5 ml of 8 N HCl at 50 1C for 1 h. The suspension was diluted to a final volume of 20 ml with water and incubated overnight at 4 1C. The number of glomeruli in 30 ml samples was counted using a light microscope and averaged from 10 samples to determine the number of glomeruli per kidney.
Real-time PCR
The renal cortex renin and angiotensin-converting enzyme (ACE) mRNA expression were assessed by real-time PCR when the offspring were at 1 day, 7, 16 and 25 weeks of age, according to a method previously described. 18 Total RNA was extracted from kidneys using Trizol (Roche Molecular Biochemicals, Mannheim, Germany) and was quantified by measuring absorbance at 260 nm. Total RNA (1 mg) was then reverse-transcribed into cDNA using a 
Plasma renin activity and Ang II concentration determination
Blood was collected from the abdominal aorta when offspring were at 7, 16 and 25 weeks of age. Plasma renin activity and Ang II were measured by radioimmunoassay determination [19] [20] [21] using the Angiotensin I and Angiotensin II Radioimmunoassay Kits (Beijing North Biological Technology, Beijing, China), respectively.
EMSA
An electrophoretic mobility shift assay (EMSA) was carried out in kidneys from rats at 25 weeks of age. Tissue extracts and EMSA for the transcription factor NF-kB were carried out as previously described. 13 Nucleoprotein was extracted using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Institute of Biotechnology, Suzhou, China). Briefly, 100 mg of frozen kidney tissue was pulverized and added to 1000 ml of iced buffer A (10mmoll À1 KCl, 1.5 mmol l À1 MgCl 2, 1 mmol l À1 dithiothreitol, 0.2 mmol l À1 EDTA, 1 mmol l À1 PMSF, 5% glycerol, 3 mg l À1 aprotinin, 3 mg l À1 phenanthroline, 1% NP 40 and 10 mmol l À1 HEPES) for 15 min and centrifuged (16 000 g, 15 min, 4 1C). Then the deposit was added to 500 ml of iced buffer B (420 mmol l À1 NaCl, 1.5 mmol l À1 MgCl 2 , 0.5 mmol l À1 dithiothreitol, 0.2 mmol l À1 EDTA, 0.5 mmol l À1 PMSF, 25% glycerol, 5 mg l À1 aprotinin, 5 mg l À1 phenanthroline, 3 mg l À1 pepstatin A and 20 mmol l À1 HEPES), mixed well and put on ice for 10 min. 
Statistical analysis
Values are expressed as means±s.e.m. One-way analysis of variance and Tukey's post hoc test were used for all analyses; Po0.05 was considered significant. All analyses were carried out with SPSS 13.0 (SPSS Inc., Chicago, IL, USA).
RESULTS

Dams and litters
There was no significant difference in the mean number of progeny between control and LPS-treated dams (10. 7±0.81 vs. 10.1±0.88; P40.05). In addition, the ratio of male births to total births in each litter did not differ significantly between the control and LPS groups (0.50 ± 0.11 vs. 0.53 ± 0.08; P40.05), nor did the body weights of the newborn pups differ significantly between the control and LPS groups (male, 6.0 ± 0.28 vs. 6.2 ± 0.25, P40.05; female, 6.1 ± 0.14 vs. 6.3 ± 0.14, P40.05).
SBP in adult offspring
Blood pressure in rat offspring from 7 to 25 weeks of age was measured once every 3 weeks, and the mean SBP of offspring in the LPS group was found to be significantly higher than that in the control group and the LPS+PDTC group. At 25 weeks of age, the mean SBP of offspring in the LPS group had reached 142.4 mm Hg, which was significantly higher than that in the control and LPS+PDTC groups. There was no significant difference between the controls and the offspring of PDTC-treated rats (Figure 1 ).
Creatinine clearance rate in offspring rats
The creatinine clearance rate in the offspring of LPS-treated rats was lower than that in the controls at 7, 16 and 25 weeks of age. PDTC treatment markedly increased the creatinine clearance rate at 16 and 25 weeks of age and increased it by 18% at 7 weeks of age. There was no significant difference between the controls and the offspring of PDTC-treated rats except at 7 weeks of age (Table 1) .
Urinary protein level in offspring rats
The urinary protein level in the offspring of LPS-treated rats was higher than that in the controls at 7, 16 and 25 weeks of age. PDTC treatment markedly reduced the urinary protein level at 16 and 25 weeks of age and reduced it by 21% at 7 weeks of age. There was no significant difference between the controls and the offspring of PDTCtreated rats (Table 1) .
Number of glomeruli in offspring rats
The number of glomeruli was determined in offspring at 7 weeks of age. The number of glomeruli in the offspring of LPS-treated rats was significantly lower than in the controls, and this was markedly reversed by PDTC treatment (Figure 2 ).
mRNA levels of renin and ACE in kidney
Compared with controls, the renal cortex renin mRNA expression was much lower in newborn offspring but higher in 7-, 16-and 25-weekold offspring of LPS-treated rats. Renin mRNA expression in the controls was much higher at 1 day of age but markedly lower at 7 weeks of age up until 25 weeks of age; by contrast, renin mRNA expression in the offspring of LPS-treated rats was low at 1 day of age but increased steadily with age ( Figure 3 ). There was no significant difference in the ACE mRNA expression between newborn rats and 7-and 16-week-old rats. However, in 25-week-old rats, ACE mRNA Figure 1 Prenatal exposure to lipopolysaccharide (LPS) influences systolic blood pressure (SBP) in offspring rats. Pregnant rats were randomly divided into four groups (n¼8 in each): control, LPS, pyrrolidine dithiocarbamate (PDTC) and LPS+PDTC groups. The rats in these groups were intraperitoneally administered vehicle, 0.79 mg kg À1 LPS, 100 mg kg À1 PDTC or LPS plus PDTC, respectively. LPS was given on the 8th, 10th and 12th days, whereas PDTC was given from the 8th to the 14th day during gestation. SBP in the offspring was measured using the standard tail-cuff method. Data are presented as the mean±s.e.m. (n¼8 in each group). **Po0.01 compared with controls; w Po0.05 and z Po0.01 compared with offspring of LPS-treated rats. There was no significant difference between controls and offspring of PDTC-treated rats (one-way analysis of variance).
expression increased dramatically in the offspring of LPS-treated rats compared with the controls (1.596 ± 0.110 vs. 0.011 ± 0.003, Po0.001). PDTC treatment markedly dampened the increase in renin ( Figure 3 ) and ACE (0.369 ± 0.066 vs. 
EMSA for NF-jB
The EMSA for the transcription factor NF-kB was carried out in 25-week-old offspring rats. Greater NF-kB-binding activity was observed in the offspring of LPS-treated rats compared with both the controls and the offspring of (LPS+PDTC)-treated rats. The specific binding of NF-kB was confirmed by the addition of a 100-fold excess of unlabeled NF-kB competitor DNA into the EMSA reaction. Unlabeled NF-kB DNA competed for binding in the extracts prepared from kidney of the offspring of LPS-treated rats. The presence of NF-kB in the protein complex was also shown by antibody supershift assays. The p65 antibody considerably shifted the major NF-kB-binding complexes (Figure 4 ).
Ang II-positive cells in the kidney
Microphotography showed that Ang II-positive cells were both proximal tubular cells and infiltrating interstitial immune cells (Figure 5a ). The number of Ang II-positive cells in 20 fields of tubular area under high magnification was counted and averaged. Compared with the controls, the number of Ang II-positive cells in the offspring of LPStreated rats was significantly lower at 1 day of age but higher at 7, 16 and 25 weeks of age (Figure 5b ), and this trend was markedly reversed by PDTC treatment.
DISCUSSION
The RAS is a hormonal cascade that functions in the homeostatic control of arterial pressure, tissue perfusion and extracellular volume. RAS is initiated by the regulated secretion of renin, which is the ratelimiting enzyme catalyzing the hydrolysis of Ang I from the N-terminus of angiotensinogen. Ang I is in turn hydrolyzed by ACE to form Ang II, a potent vasoconstrictor and the primary active product of RAS. 24 Ang II has an important role in the pathogenesis of cardiovascular and renal disorders. In addition, an intact RAS is essential for normal kidney development. 25 Inadvertent use of ACE inhibitors or AT 1 receptor blockers during pregnancy causes structural and functional developmental abnormalities of the kidney in the fetus. 25, 26 This study showed for the first time that prenatal exposure to LPS resulted in lower renal cortex renin mRNA expression in newborn rats, but higher renal cortex renin mRNA expression in 7-, 16-and 25-week-old rats and higher ACE mRNA expression in 25-week-old rats. This could be explained if prenatal exposure to LPS suppressed the activity of RAS in fetal/newborn rats and in turn impaired renal development during pregnancy; the resulting lower number of glomeruli would result in higher RAS activity in adulthood. This result is supported by the previous study by Woods et al. 27 , who found that maternal protein restriction suppresses the newborn RAS and programs adult hypertension in rats.
However, the SBP of the offspring born from LPS-treated rats correlated with intrarenal RAS activity, not with plasma RAS activity. As the SBP increased persistently, the plasma renin activity and Ang II levels remained unchanged. This phenomenon is consistent with the observation of Franco et al. 22 that blood pressure levels were negatively correlated with plasma Ang II and positively correlated with renal Ang II concentrations in a salt-sensitive hypertensive model. In addition, renal Ang II concentration has been correlated with the number of Ang II-positive cells and infiltrating immune cells. In this study, the Ang II-positive cells were both tubular cells and infiltrating immune cells, and the number of Ang II-positive cells was positively correlated with the renal cortex renin mRNA expression and blood pressure. This suggests that it is the intrarenal RAS that is contributing an important role in the development of hypertension.
The intrarenal Ang II levels are regulated in a manner distinct from circulating Ang II concentrations. In Ang II-dependent hypertension, AT 1 receptor blockade increased plasma Ang II concentrations; however, it markedly limited the enhanced kidney Ang II contents elicited by chronic Ang II infusions. 28 This dissociation between plasma Ang II and intrarenal Ang II shows differential regulation of Ang II in the kidney and in the circulation. This dissociation between plasma Ang II and intrarenal Ang II has also been observed in other hypertensive models. In the Page cellophane-wrapped kidney model, the cellophane-wrapped group had progressive increments in blood pressure and Ang II content in the kidney; the plasma levels of Ang II were similar in the cellophane-wrapped group and the sham-operated animals and were unchanged from baseline. 29, 30 In this study, prenatal exposure to LPS also resulted in reduced creatinine clearance rate and elevated urinary protein in 7-, 16-and 25-week-old offspring rats. The reduced creatinine clearance rate may be attributable to the lower filtration area and the activated intrarenal RAS. Exogenous administration of Ang II elicits dose-dependent decreases in renal blood flow and glomerular filtration rate. 31, 32 In vivo micropuncture studies in rats also showed that Ang II elicits reductions in single nephron glomerular filtration rate and glomerular plasma flow and increases in both afferent and efferent arteriolar resistance. 30, [33] [34] [35] [36] Furthermore, Ang II regulates vascular permeability through pressure-mediated mechanical injury of the endothelium and through direct nonhemodynamic effects; the latter occurs through local induction of the release of second mediators. Ang II stimulates synthesis of prostaglandins (PGs), such as PGE 2 and PGI 2 , as well as leukotriene C 4 , and thereby modulates microvascular permeability. 10 The filtration barrier of the kidney, the glomerulus, prevents plasma proteins from leaking into primary urine and comprises three layers: endothelial cells, glomerular basement membrane and visceral epithelial cells (podocytes). It has recently become accepted that the slit diaphragm located between adjacent foot processes of podocytes functions as the final barrier of the glomerular capillary wall. The Ang II treatment clearly reduced the mRNA expression of the critical molecules (nephrin, podocin and ZO-1) of the slit diaphragm both in vivo and in vitro. 37 AT 1 receptor antagonist treatment ameliorated proteinuria by preventing a reduction in the functional molecules of the slit diaphragm. 38, 39 All these considerations provide support for our hypothesis that the proteinuria induced by prenatal exposure to LPS in this study may occur through the activation of intrarenal RAS.
Filtration barrier damage is associated with hypertension, and the degree of proteinuria was found to be a significant determinant of the presence of hypertension in the study population. Proteinuria is also a predictor for future development of hypertension among normotensive individuals. A cross-sectional study of 232 veterans affairs patients with chronic kidney disease showed degree of proteinuria to be the most significant correlate for SBP. Furthermore, increased arterial stiffness, as assessed by pulse wave velocity, was shown to be associated with the presence of dipstick-positive proteinuria, creatinine clearance and SBP in the general population of Okinawa, Japan (n¼3387). 40 These data support the result of our study that the urinary protein level correlates with intrarenal RAS and blood pressure.
Nuclear transcription factor-kB activation has an important role in Ang II-induced end-organ damage and hypertension. Ang II infusion results in a significant upregulation of NF-kB, RAS, proinflammatory cytokines and oxidative stress, and the interplay between RAS, proinflammatory cytokines and NF-kB leads to a sustained increase in oxidative stress, which contributes to the pathogenesis of hypertension. 2 It was found in this study that the most effective inhibitor of Figure 4 Electrophoretic mobility shift assay (EMSA) for the nuclear transcription factor (NF)-kB in kidney of rats at 25 weeks of age. Nuclear protein was extracted from the kidneys of 25-week-old rats. Binding reactions or EMSAs were carried out with an NF-kB oligonucleotide labeled with [g-32 P]dATP (n¼8 in each group). Complex formation was further confirmed by supershift analysis by using p65 antibody. A cold competitor reaction was carried out using 100 ng of unlabeled probe to compete with 1 ng of labeled probe. EMSA for the detection of NF-kB showed higher binding activity in the kidney of offspring of lipopolysaccharide (LPS)-treated rats, and this was markedly reduced by pyrrolidine dithiocarbamate (PDTC) treatment.
NF-kB, PDTC, markedly reduced the DNA-binding activity of NF-kB in 25-week-old offspring of LPS-treated rats, leading to a nearly complete reversal in renal function and a partial reverse in blood pressure. Therefore, it is possible that the decrease in blood pressure might have resulted from the improvement in renal function.
In conclusion, prenatal exposure to LPS resulted in reduced intrarenal RAS activity in newborn offspring rats and elevated RAS activity in adulthood. In addition, prenatal exposure to LPS caused renal damage in offspring rats. NF-kB might be involved in the hypertension and renal damage induced by prenatal exposure to LPS. 
